Release of calcium from the endoplasmic reticulum (ER) signals an increase in transcription of both the early response gene, c-fos, and the late response gene, grp78. We have used thapsigargin (TG), an ER calciumATPase pump inhibitor that induces calcium release from the ER, to investigate the possible involvement of cFos, a component of the AP-1 transcription factor, in grp78 induction. Two cell lines with markedly dierent responses to TG treatment were employed: the WEHI7.2 mouse lymphoma line in which TG fails to induce grp78, and the MDA-MB-468 mammary epithelial line in which TG induces grp78. In WEHI7.2 cells, TG-induced calcium release triggers a rapid increase in c-fos mRNA, but the level of c-Fos protein decreases due to degradation by the multicatalytic proteasome. C-FosDC, a proteasome resistant c-Fos mutant with AP-1 activity similar to that of wild type c-Fos, restores grp78 induction in WEHI7.2 cells, detected by both Northern hybridization and a grp78 promoter-luciferase reporter assay. In MDA-MB-468 cells, TG-mediated calcium release induces a sustained elevation of c-Fos protein that precedes grp78 induction. A region of the grp78 promoter containing both ERSE and CORE regions, but missing TRE and CRE regions, is sucient to mediate induction of reporter luciferase activity. Induction of this reporter was blocked by A-Fos, a dominant negative inhibitor of c-Fos. Also, the induction of grp78-luciferase reporter activity was inhibited by c-fos antisense mRNA. In summary, the ®ndings indicate that c-Fos is involved in signaling grp78 induction following TG treatment, and that grp78 induction is inhibited by proteasome-mediated c-Fos degradation. Oncogene (2000) 19, 5936 ± 5943.
Introduction
Ionized calcium is a common signal transduction element in cells (Clapham, 1995; Berridge et al., 1998) . Calcium is sequestered in the endoplasmic reticulum (ER 1 ) by ATP-dependent pumps in the ER membrane (SERCA pumps) and released through inositol (1,4,5)trisphosphate-sensitive channels in the ER membrane (Clapham, 1995; Berridge et al., 1998) . The resulting elevation in cytosolic calcium regulates expression of both early and late response genes (Rosen et al., 1995) . Furthermore, the high calcium concentration maintained in the lumen of the ER by the SERCA pumps is necessary for protein processing (Lodish et al., 1992) , translation (Brostrom and Brostrom, 1990) , and cell division (Short et al., 1993) .
Thapsigargin (TG), a cell permeable inhibitor of the ER-associated SERCA pump, triggers ER calcium release, thereby inducing transcription of both the early response gene c-fos (Schonthal et al., 1991) and the late response gene grp78 (Li et al., 1993) . The induction of both c-fos and grp78 has been shown to be inhibited by chelation of intracellular calcium with BAPTA, indicating that calcium release triggers the induction (Schonthal et al., 1991; Chen et al., 2000) . However, because the inhibitory eect of TG on ER calcium uptake is irreversible, TG treatment produces sustained cytosolic calcium elevation and ER calcium pool depletion, ultimately leading to cell death by apoptosis (Lam et al., 1993 (Lam et al., , 1994 . Grp78 induction constitutes a stress response that delays cell death following ER calcium loss (Little and Lee, 1995; Morris et al., 1997) . GRP78 (also known as BiP) is a 78 kDa resident ER calcium binding protein that plays an important role in the storage of the rapidly exchanging pool of calcium in the ER lumen (Mery et al., 1996; Lievremont et al., 1997) . The induction of grp78 appears to protect cells by suppressing oxidative damage and stabilizing calcium homeostasis (Liu et al., 1998; Yu et al., 1999) .
c-Fos, a member of the B-Zip family of transcription factors, heterodimerizes with c-Jun to form the AP-1 (activating protein-1) transcription factor that regulates expression of genes involved in cell growth, dierentiation and transformation (Karin et al., 1997; Wisdom, 1999) . The level of c-fos mRNA increases in cells undergoing apoptosis (Buttyan et al., 1988; Colotta et al., 1992; Smeyne et al., 1993) . However, it has been unclear whether c-Fos functions primarily as an agonist or antagonist of cell death. The possibility that c-fos induction promotes cell death was suggested by the observation that overexpression of a c-Fosestrogen receptor fusion protein induces apoptosis in colorectal cells (Preston et al., 1996) . Also, lightinduced photoreceptor apoptosis was de®cient in the c-fos 7/7 knockout mouse (Hafezi et al., 1997) . However, other ®ndings in c-fos 7/7 knockout mice indicate that c-fos induction is not required for apoptosis induction and that c-fos de®ciency increases the susceptibility of cells to apoptosis induction (Schreiber et al., 1995; Roer-Tarlov et al., 1996; Kaina et al., 1997; Ivanov and Nikolic-Zugic, 1997) . One possibility is that c-Fos may be necessary for the expression of genes that antagonize apoptosis. Moreover, it has been reported that c-Fos is actively degraded and AP-1 activity is suppressed during cell death induction by glucocorticoids and nitric oxide (Jonat et al., 1990; Kerppola et al., 1993; Helmberg et al., 1995; Tabuchi et al., 1996; He et al., 1998) . It is possible that repression of AP-1 activity may contribute to cell death by limiting the induction of endogenous protective responses.
We have been investigating the involvement of both c-Fos and GRP78 in apoptosis, using TG-induced apoptosis in lymphoma cell lines and mammary epithelial cell lines as model systems. TG treatment induces apoptosis in both cell types (Lam et al., 1993 (Lam et al., , 1994 Qi et al., 1997a) . Cell death induction proceeds more slowly in the mammary epithelial cells compared to the lymphoma cells, and induction of grp78 transcription following TG treatment was much more robust in the mammary cells than in the lymphoma cells . These ®ndings suggest that grp78 stress response induction varies among dierent cell types and the degree of grp78 induction regulates TG-induced apoptosis.
One of the lymphoma lines, WEHI7.2, failed to induce grp78 transcription when treated with TG . This cell line was particularly sensitive to apoptosis induction by TG McColl et al., 1998) . In this cell line, TG induces c-fos transcription (Qi et al., 1997b) , but the level of c-Fos protein declines rapidly following TG treatment due to accelerated degradation by the multicatalytic proteasome . The degradation of c-Fos was detected early in the apoptotic process, preceding caspase activation and endonuclease activation, suggesting that it may contribute to apoptosis induction. Moreover, expression of a proteasome-resistant C-terminal deletion mutant of cFos, c-FosDC, inhibited TG-induced apoptosis in WEHI7.2 cells . In view of these ®ndings, we have speculated that c-Fos may be necessary for expression of genes that maintain cell viability following TG treatment, and that in WEHI7.2 cells this protective pathway is abrogated by c-Fos degradation and restored by expression of c-FosDC.
Therefore, we wondered if c-Fos is involved in the signaling pathway that mediates grp78 induction and if c-FosDC would restore this pathway in WEHI7.2 cells. We have employed two cell lines to test this hypothesis: the WEHI7.2 line which fails to induce grp78 when treated with TG, and the MDA-MB-468 line, a mammary epithelial line which displays strong induction of grp78 following TG treatment. This report provides evidence for involvement of c-Fos in grp78 induction. First, c-FosDC restored grp78 induction in WEHI7.2 cells. Second, A-Fos, a dominant negative inhibitor of c-Fos, inhibited grp78 induction in MDA-MB-468 cells. Third, antisense c-fos mRNA inhibited grp78 induction in MDA-MB-468 cells.
Results
To test the hypothesis that c-Fos can mediate the induction of grp78 by TG in WEHI7.2 cells, we investigated the eect of expressing the proteasome resistant c-Fos mutant, c-FosDC, on grp78 induction in this cell line. WEHI7.2 cells were stably transfected with a cDNA encoding the proteasome resistant c-Fos mutant, c-FosDC, as described previously . The induction of grp78 mRNA was assessed by Northern hybridization in neo control and c-FosDC transfectants following treatment with 100 nM TG ( Figure 1a ). There was no detectable elevation of grp78 mRNA over a 12 h period following addition of TG to WEHI7.2-neo cells, but a signi®cant elevation of grp78 mRNA was detected in WEHI7.2-c-FosDC cells. The ®ndings indicate that expressing c-FosDC restores grp78 induction in TG-treated WEHI7.2 cells.
We con®rmed the eect of c-FosDC on grp78 induction using a reporter in which luciferase gene expression is governed by the grp78 promoter. The latter contains cis-acting elements known to be essential for increased grp78 transcription following ER stress (Resendez et al., 1988; Yoshida et al., 1998; Roy and Lee, 1999) . The pGRP78(7367)Luc reporter plasmid (Figure 2 ) containing the 5' grp78 promoter region linked to the luciferase gene was employed to assess grp78 induction. WEHI7.2 cells were transiently co-transfected with this reporter and either a plasmid encoding c-FosDC or a control plasmid pcDNA3 vector only. Transfected cells were incubated with or without 100 nM TG for 12 h followed by measurement of luciferase activity. In control transfectants, TG treatment failed to signi®cantly increase luciferase activity, whereas luciferase activity was induced more Figure 1 Restoration of grp78 induction by c-FosDC. (a) WEHI7.2 cells were stably transfected with the pcDNA3neo vector or the pcDNA3-cFosDC vector. The level of grp78 mRNA was measured by Northern hybridization analysis following treatment with 100 nM TG. Equal loading of RNA was documented by reprobing blots with a cDNA for GAPDH. This experiment was repeated three times with the same result. (b) WEHI7.2 cells were transiently cotransfected with either pcDNA3neo or pcDNA3-cFosDC in combination with the pGRP78(7367)Luc reporter and the pRSVûGal internal control plasmids. Cells were incubated for 24 h following transfection, and then for an additional 12 h with or without 100 nM TG prior to measurement of luciferase activity. Luciferase activity in arbitrary light units was normalized according to û-galactosidase activity and expressed as fold induction, with the level in untreated pcDNA3-neo control cells assigned a value of one. Results are expressed as the mean+s.e. of three experiments than threefold in the c-FosDC transfectants ( Figure  1b) . Therefore, c-Fos appears to be required for grp78 stress response induction following TG treatment in WEHI7.2 cells. In addition, the ®ndings suggest that cFos degradation abrogates TG-mediated induction of grp78 in WEHI7.2 cells.
To compare the function of c-Fos and c-FosDC, mammary epithelial cells were transiently transfected with plasmids encoding either wild type c-Fos, cFosDC, or pcDNA3 vector only, together with an 773colCAT reporter composed of the 5' regulatory region of the collagenase gene which includes an AP-1/ TRE binding site (Angel et al., 1987) . (Mammary epithelial cells were employed instead of WEHI7.2 cells due to the low transfection eciency of the latter.) Both c-Fos and c-FosDC induced CAT activity to a comparable degree, indicating that c-Fos and c-FosDC overexpression both elevate AP-1 activity ( Figure 3 ).
To further investigate the role of c-Fos in grp78 stress response induction, we employed the MCF-7 and MDA-MB-468 mammary epithelial cell lines, which are unlike WEHI7.2 in that they both strongly induce grp78 transcription when treated with TG . Similar ®ndings were made using each of these lines, but for simplicity we have reported here only the data from the MDA-MB-468 line. First, we tested regions of the grp78 promoter involved in mediating basal and induced expression of grp78 by measuring the eect of TG treatment on induction of the activity of two reporters, pGRP78(7367)Luc and pGRP78(7169)Luc (Figure 2 ). The former includes the TRE (TPA-responsive element) and CRE (cyclic-AMP responsive element) located in the 5' regulatory region of the grp78 gene (Resendez et al., 1988) , whereas these regions are deleted from the pGRP78(7169)Luc reporter. Both reporter plasmids include enhancer regions previously shown to be involved in regulating grp78 transcription, including the CORE and C1 regions (Resendez et al., 1988) . Also, both reporters include the recently identi®ed ER stress response elements (ERSE) (Yoshida et al., 1998; Roy and Lee, 1999) . In untreated MDA-MB-468 cells, the relative activities of these reporters were similar, but a marked induction of each reporter was observed following TG treatment (Figure 4) . Interestingly, the fold induction of pGRP78(7169)Luc reporter activity was greater than the fold induction of the pGRP78(7367)Luc reporter, suggesting the possibility that inhibitory elements may reside within the promoter region deleted from the pGRP78(7169)Luc reporter.
Having established that the pGRP78(7169)Luc reporter is optimal for detecting induction of grp78 promoter activity following TG treatment, we investigated the role of AP-1 in grp78 induction by testing the eect of A-Fos on induction of pGRP78(7169)Luc reporter activity by TG. A-Fos contains an acidic amphipathic protein sequence appended onto the N- After 3 h transfection, cells were cultured in medium containing 0.5% FBS for 30 or 36 h, then cells were harvested and protein extracts were prepared for CAT assays. The CAT activity is normalized to the protein extract concentration and expressed as per cent acetylation Figure 4 TRE and CRE regions of the grp78 promoter are not required for grp78 induction by TG. MDA-MB-468 cells were transiently cotransfected with either the pGRP(7367)Luc reporter or the pGRP78(7169)Luc reporter in combination with the pRSVûGal internal control plasmid. After 24 h, cells were incubated for an additional 16 h with or without 100 nM TG prior to measurement of luciferase activity. Luciferase activity is expressed relative to the activity level in untreated cells transfected with the pGRP78(7367)Luc reporter. Symbols represent the mean+s.e. of three experiments terminus of the c-Fos leucine zipper, so that when AFos forms a heterodimeric complex with c-Jun, it prevents the binding of the complex to DNA (Olive et al., 1997) . Hence, A-Fos is a dominant negative repressor of AP-1 activity. The inhibitory eect of AFos on AP-1 activity in MDA-MB-468 cells was documented in a transient transfection assay using an AP-1 Luc reporter (Figure 5a) .
To test the eect of AP-1 on grp78 promoter activity, cells were cotransfected with the pGRP78(7169)Luc reporter in conjunction with either a control empty vector or a plasmid encoding A-Fos. A-Fos inhibited the basal promoter activity as well as the induction of pGRP78(7169)Luc reporter activity by TG, and the degree of inhibition increased as the amount of A-Fos plasmid increased (Figure 5c ). In multiple experiments, we measured the eect of A-Fos on inducton of pGRP78(7169)Luc reporter activity by not only TG, but also tunicamycin (TN), a glycosylation inhibitor that triggers an increase in grp78 transcription by causing unglycosylated proteins to accumulate within the ER lumen (Wooden et al., 1991) . As shown in Figure 5b , A-Fos markedly inhibited the induction of pGRP78(7169)Luc reporter activity by either TG or TN. This eect of A-Fos was highly reproducible and has been con®rmed in the MCF-7 cell line as well (data not shown). In summary, the ability of a dominant negative AP-1 inhibitor to block the induction of grp78 promoter activity by TG or TN suggests that AP-1 activity is essential for optimal grp78 promoter function and the induction of the grp78 stress response by either calcium mobilization or defective protein processing.
Following treatment with 100 nM TG, MDA-MB-468 cells displayed substantial elevation of GRP78 protein level, becoming most evident between 8 and 12 h following TG treatment (Figure 6a ). The GRP78 induction was preceded by c-Fos induction (Figure 6a ). The higher molecular weight bands seen on the c-Fos Western blot following TG treatment are consistent with phosphorylated forms of c-Fos (Barber and Verma, 1987) . Note that although c-Fos is the product of an early response gene that is typically induced rapidly following TG treatment, an elevation of c-Fos protein level above baseline was sustained for 6 to 24 h following TG treatment. Hence, an elevated level of cFos is present during the time frame when ER to Results are expressed as the mean+s.e. of at least three individual experiments nuclear signaling mediates grp78 induction in MDA-MB-468 cells. To more speci®cally address the involvement of c-Fos in grp78 induction, we tested the eect of c-Fos antisense mRNA expression on induction of grp78 promoter activity by TG. MDA-MB-468 cells were cotransfected with either pcDNA3 control plasmid or a pcDNA3 plasmid encoding c-fos mRNA in reverse orientation, in combination with the pGRP78(7169)Luc reporter. Basal grp78 promoter activity was reduced to 55+14% of the control level by c-fos antisense expression (P40.05) (Figure 6b) . Also, c-fos antisense expression signi®cantly inhibited the induction of grp78 promoter activity by TG ( Figure  6c) . In control transfectants, TG induced promoter activity by 8.0+0.9, while in c-fos antisense transfectants TG induced promoter activity by 4.8+ 1.0 (P40.025). The results indicate that antisense c-fos mRNA inhibited both the basal level of promoter activity and the induction of promoter activity by TG. Thus, it appears that c-Fos plays a critical role in the induction of grp78 promoter activity by TG.
It has been shown by others that TG treatment induces transcription of genes encoding both c-Fos and c-Jun and thereby increases AP-1 transcription factor activity (Schonthal et al., 1991) . Therefore, we wished to address whether or not induction of AP-1 activity is sucient to mediate induction of grp78 transcription in the absence of ER calcium release. Therefore, we tested the eect of TPA treatment on the activity of both the pGRP78(7169)Luc reporter and the AP-1 Luc reporter. The latter contains three AP-1/TRE sites cloned into the TK-luciferase vector (Duval et al., 1997) . The phorbol ester, TPA, is a potent inducer of AP-1 activity (Herschman, 1991) . Therefore, the eect of TPA on pGRP78(7169)LUC and pAP-1 LUC reporter activities was measured in MDA-MB-468 cells. TPA induced signi®cant elevation of pAP-1 LUC reporter activity, but did not signi®cantly induce pGRP78(7169)LUC reporter activity (Figure 7 ). These ®ndings indicate that induction of AP-1 activity is not sucient to induce pGRP78(7169)LUC reporter activity. This conclusion is consistent with data presented in Figures 1 and 2 , where we found that overexpression of c-FosDC in WEHI7.2 cells elevates AP-1 activity but does not restore grp78 induction until cells are also treated with TG. Hence, AP-1 activity appears to be necessary, but not sucient, for the induction of grp78 transcription.
Discussion
We report for the ®rst time that c-Fos, a component of the AP-1 transcription factor complex, is involved in the signaling pathway that mediates grp78 induction in response to TG-mediated calcium release from the ER. These ®ndings are based on studies in two cell lines: the WEHI7.2 cell line in which a de®ciency of grp78 induction is associated with accelerated degradation of c-Fos by the multicatalytic proteasome; and the MDA-MB-468 line, in which the induction of grp78 by TG is intact. First, we have shown that c-FosDC, a proteasome resistant mutant of c-Fos, restores grp78 induction in WEHI7.2 cells. Second, we have shown that grp78 induction in MDA-MB-468 cells is inhibited both by A-Fos, a dominant negative inhibitor of AP-1 activity, and by antisense c-fos mRNA.
These ®ndings add to already existing evidence that c-Fos, as a component of the AP-1 transcription factor, antagonizes cell death by regulating the expression of survival genes. Thus, degradation of cFos and repression of AP-1 activity, both of which have been observed during apoptosis (Jonat et al., 1990; Kerppola et al., 1993; Helmberg et al., 1995; Tabuchi et al., 1996; He et al., 1998) , may contribute to the apoptotic process by decreasing expression of survival genes. In WEHI7.2 cells the accelerated degradation of c-Fos that occurs subsequent to TG treatment appears to abrogate grp78 stress response induction and thereby contributes to cell death induction.
Earlier studies indicate that the ER stress response, which involves induction of several other resident ER chaperones including GRP94, is necessary for maintenance of cell survival following treatment with agents that perturb calcium homeostasis in the ER (Little and Lee, 1995; Morris et al., 1997) . In the present study, we have employed measurements of GRP78 induction as an index of the ER stress response. However, the relative contribution of GRP78 to cell survival, versus the contribution of other coordinately induced stress proteins, is presently unknown. In unpublished studies, we have found that overexpression of GRP78 by itself in either WEHI7.2 cells or MDA-MB-468 cells does not have a strong protective eect against TG-induced apoptosis. Hence, it is possible that coordinated induction of more than one stress protein is necessary for maintenance of cell survival in the face of ER stress.
Considerable additional work will be required to elucidate the precise mechanism of c-Fos involvement in grp78 induction by TG. Analysis of the grp78 promoter has revealed a consensus mammalian ER stress response element (ERSE) consisting of a tripartite structure CCAAT(N 9 )CCACG, with N being a strikingly GC-rich region of 9 bp (Yoshida et al., 1998; Roy and Lee, 1999) . Three ERSE's are located immediately upstream of the TATA box and are included in the pGRP78(7169)Luc reporter used in Figure 7 Induction of AP-1 activity but not grp78 by TPA. MDA-MB-468 cells were co-transfected with pGRP78(7169)Luc and pRSVûGal, or pAP-1 Luc and pRSVûGal. The AP-1 Luc transfected cells were cultured with medium containing 0.5% FBS after transfection for 5 or 6 h. Twenty-four hours after transfection, cells were treated with 100 ng/ml TPA for 16 h prior to measuring luciferase activity. Experiments with TPA treatment for 4, 8 and 12 h gave similar results. Symbols represent the mean+s.e.m. of three experiments the present study. Also, the promoter region included in this reporter includes the CORE element previously implicated as important in grp78 transcriptional regulation (Li et al., 1994) . However, recognizable AP-1 interacting sequence motifs are not present in the grp78 promoter. Moreover, in gel shift experiments employing extracts from MCF-7 and MDA-MB-468 cells, we have not found evidence of a physical interaction of AP-1 transcription factor components, including c-Fos and c-Jun, with the ERSE or CORE regions of the grp78 promoter (H He, M Montano and C Distelhorst, unpublished data). Therefore, a future direction will be to investigate the possible involvement of AP-1 in regulating the expression of other signaling molecules active in transmitting a stress signal from the ER to the nucleus in response to TG-induced calcium release.
One clue to the nature of involvement of AP-1 in this signaling pathway comes from data presented in Figures 1 and 6 . In Figure 1 , we found that c-FosDC expression alone does not increase grp78 expression; it is only after TG treatment that the positive eect of cFosDC on grp78 expression is detected. Furthermore, in Figure 6 we found that induction of AP-1 activity by TPA treatment was not associated with an increase in grp78 expression. Thus, it appears that AP-1 activity is necessary but not sucient for induction of grp78 transcription. It is likely that calcium elevates the level of activity of an additional factor(s), which either requires AP-1 for its expression or for its functional activity.
Another question that remains to be answered is the relationship between the signaling pathway that mediates grp78 induction in response to TG-mediated calcium release and the unfolded protein response pathway induced by TN or by other conditions or treatments that cause malfolded proteins to accumulate in the ER (reviewed in Chapman et al., 1998; Pahl, 1999; Kaufman, 1999) . In this report, we ®nd that A-Fos inhibits grp78 induction by both TG and TN. Hence, it appears that AP-1 activity is required for both the calcium-mediated induction of grp78 transcription and the unfolded protein response. Indeed, it is possible that the induction of grp78 following TG treatment is secondary to inhibition of normal protein processing within the ER lumen due to a TG-imposed decrease in the ER calcium pool. In support of this notion, it has been shown previously that TG-induced calcium release interferes with protein processing in the ER lumen (Lodish et al., 1992; He et al., 1997) .
Interestingly, several dierent b-Zip transcription factors have been implicated as components of the unfolded protein response pathway. For example, work in yeast has uncovered a novel signaling pathway involving three components: IRE1p, a transmembrane protein that resides on the ER membrane or perinuclear membrane; HAC1p, a bZIP transcription factor; and tRNA ligase (Cox and Walter, 1996) . IRE1p has an endoribonuclease activity, which along with tRNA ligase, produces an unconventional splicing of the HAC1 mRNA in response to the accumulation of unfolded proteins in the ER. The result is increased expression of the HAC1 transcription factor which in turn upregulates genes containing an unfolded protein response element in their promoter, including the gene encoding a yeast grp78 homologue (Cox and Walter, 1996) .
The ER to nucleus signaling pathway in mammalian cells shares certain features in common with yeast, but appears to be more complex (Foti et al., 1999) . Mammalian cells express a transmembrane protein sharing signi®cant homology to yeast IRE1, but the downstream target of mammalian IRE1p has not been identi®ed (Wang et al., 1998) . Although the yeast HAC1 transcription factor activates the mammalian grp78 promoter when exogenously expressed in mammalian cells, a mammalian counterpart of HAC1
has not yet been identi®ed (Foti et al., 1999) . Nevertheless, a common theme in both yeast and mammalian cells appears to be the involvement of bZIP transcription factors in ER to nucleus signaling. Recent studies have implicated the bZIP transcription factors ATF6 and CREB-RP in the unfolded protein response signaling pathway (Yoshida et al., 1998; Haze et al., 1999; Li et al., 2000) . A recent report indicates that ATF6 undergoes TG-induced stress changes that enhance its interaction with the transcription factor YY1 on the grp78 promoter (Li et al., 2000) . It is interesting to note, however, that there are at least two ATF-like sites in the c-fos promoter and that ATF6 is involved in activation of c-fos expression (Zhu et al., 1997) . In view of the recognized cooperative interactions of AP-1 with other transcription factors (Wisdom, 1999) , it is intriguing to speculate that a functional interaction between c-Fos and ATF6 may contribute to grp78 induction.
In summary, in earlier studies we found that TG fails to induce grp78 transcription in WEHI7.2 cells and that, in these cells, TG treatment induces rapid degradation of c-Fos by the multicatalytic proteasome. These ®ndings prompted us to investigate the role of cFos/AP-1 in grp78 induction. In the present study we provide evidence that c-Fos/AP-1 is necessary, but not sucient, for TG-mediated induction of grp78. Future studies will address the components of the AP-1 transcription factor complex involved in grp78 induction and where in the ER-nuclear signaling pathway this transcription factor complex works.
Materials and methods

Materials
Thapsigargin (TG) was purchased from Alexis. Tunicamycin (TN) was from Calbiochem. The anti-c-Fos antibody was from Upstate Biotechnology Inc. The anti-GRP78 antibody was from StressGen. Anti-mouse IgG was from Amersham. ProtoGel Acrylamide Mix was from National Diagnostics. The luciferase assay system was from Promega. All other chemicals were from Sigma or Amresco.
Cell culture and treatment conditions WEHI7.2 cells were cultured in Dulbecco's Modi®ed Eagle's Medium (BioWhittaker) supplemented with 2 mM glutamine, 50 units/ml penicillin, 50 mg/ml streptomycin, 0.4 mM nonessential amino acids and 10% (v/v) heat inactivated horse serum (Hyclone) at 378C in a 7% CO 2 atmosphere under high humidity. L-glutamine, antibiotics and non-essential amino acids were from Gibco/BRL. TG was added to cells from a stock solution in DMSO to give a ®nal concentration of 100 nM. MCF-7 and MDA-MB-468 human breast cancer cells were cultured in improved minimal essential medium (Bio¯uids, Inc.) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (Atlanta Biologicals), 2 mM glutamine, 50 units/ml penicillin and 50 mg/ml streptomycin at 378C in a 7% CO 2 atmosphere.
Effector plasmids
The wild type c-fos cDNA was removed from the pEMSVfos plasmid (provided by Michael Simonson, Case Western Reserve University) by digestion with EcoRI and ligated in sense orientation into the pcDNA3 expression vector (Invitrogen) downstream of the CMV promoter, producing a pcDNA3-c-fos vector described previously . The c-fosDC cDNA was cloned by polymerase chain reaction and ligated into the pcDNA3-neo expression vector in the sense orientation, producing the pcDNA3-cFosDC plasmid described previously . The pRC/CMV500 and pRC/CMV500-A-Fos plasmids (Olive et al., 1997) were provided by John Nilson, Case Western Reserve University, with permission from David Ginty (The John Hopkins University). To prepare the c-fos antisense expression plasmid (referred to as pcfos-AS), the c-fos cDNA was recovered from the pEMSV-fos plasmid (provided by Michael Simonson, Case Western Reserve University) by digestion with EcoRI and ligated in reverse orientation into pcDNA3.
Stable transfection of WEHI7.2 cells WEHI7.2 cells were transfected by electroporation with the pcDNA3-c-FosDC plasmid or the empty pcDNA3 plasmid as a control, followed by selection of stably transfected cells by growth in G418 (1 mg/ml), as described previously .
Northern blotting
WEHI7.2 cells stably transfected with either the pcDNA3neo control plasmid or the pcDNA3-cFosDC plasmid were treated with 100 nM TG for various periods of time as described in the text. Total RNA (20 ± 30 mg) was isolated from cells using Trizol (GIBCO/BRL) and separated on a 1.2% agarose gel with 0.4 M formaldehyde. After separation, the RNA was transferred to a Zeta Probe membrane (BioRad) and Northern hybridization was performed using a hamster grp78 cDNA probe as described previously . Blots were subsequently rehybridized with a cDNA encoding glyceraldehyde phosphate dehydrogenase (GAPDH) to control for variation in sample loading as described previously .
Reporter plasmids
The pGRP78(7367)Luc and pGRP78(7169)Luc plasmids were prepared using the (7456)CAT reporter plasmid as a template. This latter plasmid contains a DNA fragment encoding the 5' regulatory region of the rat grp78 gene fused in frame with the cDNA encoding chloramphenicol acetyl transferase and was provided to us by Amy S Lee, University of Southern California (Li et al., 1993) . Using this reporter plasmid as a template, a DNA fragment corresponding to the promoter region from nucleotides 7367 to 731 was ampli®ed by polymerase chain reaction using the following primers: 5'-GGT ACC AAC GTG AGG GGA GGA CCT-3' and 5'-GGT ACC AGC GCG CCG GTC GCC GAC-3'. This DNA fragment was cloned into pGL-2 luciferase reporter vector (Promega) at the KpnI site, producing the reporter construct referred to as pGRP78(7367)Luc. Using the same strategy, the grp78 promoter DNA from nucleotides 7169 to 731 was also ampli®ed and used to produce the pGRP78(7169)Luc reporter. The pAP-1 Luc plasmid (Duval et al., 1997) was provided by Colin Clay (Colorado State University). The 773col-CAT plasmid was provided by Monica Montano (Case Western Reserve University).
Reporter assays
For luciferase reporter assay in WEHI7.2 cells, the pGRP78(7367)Luc reporter was introduced by electroporation into wild type WEHI7.2 cells, together with the pcDNA3-cFosDC plasmid or the empty pcDNA3-neo vector. Five million cells were washed twice and then resuspended in 1 ml HEPES buered saline (21 mM HEPES, 137 mM NaCl, 5 mM KCl, 0.7 mM Na 2 HPO 4 , 6 mM glucose, pH 7.05). Cells were placed in an electroporation chamber containing 30 mg pGRP78(7367)Luc, 30 mg pcDNA3-cFosDC or empty pcDNA3-neo vector, and 5 mg pRSVû-gal internal control plasmid. Following electroporation, transfected cells were resuspended in complete DMEM medium supplemented with 20% horse serum and incubated at 378C in a 7% CO 2 incubator. Cells were treated with 100 nM TG 24 h after transfection and luciferase activity was measured 12 h later.
For luciferase assays in MCF-7 cells and MDA-MB-468 cells, cells were plated onto six-well dishes at 60 ± 70% con¯uency the day before transfection. Cells were transfected with reporter and eector plasmids described in ®gure legends using FuGENE-6 reagent (Roche) according to manufacturer's directions. The internal control plasmid pRSVLacZ was included in all transfections. Cells were incubated for 24 h following transfection and then treated with 100 nM TG for 16 h prior to measuring luciferase activity. Luciferase activities were measured using the Luciferase Reporter Assay System (Promega) and normalized according to lysate protein concentration measured with the Bio-Rad Protein Assay reagent and to û-galactosidase activity measured with the Galacto-Light kit (Tropix). All assays were in duplicate.
For the AP-1 CAT reporter assay, MCF-7 cells were cotransfected with the 773col-CAT reporter plasmid and pRSVûgal, together with either pcDNA3neo control vector, pcDNA3c-fos, or pcDNA3c-fosDC, using the LipofectA-MINE reagent. After transfection for 3 h, cells were cultured in medium containing 0.5% FCS for 30 ± 36 h. The cells were then harvested and protein extracts were prepared for CAT (chloramphenicol acetyltransferase) assays. CAT activity was measured by thin layer chromatography using 14 C-labeledchloramphenicol as substrate and calculated as percent conversion of total chloramphenicol into acetylated chloramphenicol. All samples for CAT assay were standardized for protein content.
Western blotting
Methods of measuring levels of c-Fos and GRP78 in cell extracts by Western blotting were described previously He et al., 1998) . Cell lysates were prepared and quantitated for protein concentration using Bio-Rad Protein Reagent. After transfer, membranes were stained with Ponceau S (Sigma) to insure equal loading of individual lanes. After incubation with primary antibody, Western blots were developed using ECL reagent (Amersham).
Abbreviations TG, thapsigargin; ER, endoplasmic reticulum; AP1, activation protein-1; TRE, TPA-responsive element; CRE, cyclic-AMP responsive element; ATF, activating transcription factor; ERSE, ER stress response element.
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